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It has been demonstrated

that changes in

environmental

temperature can influence the resistance of mice to Trypanosoma

cruzi

(the causative agent of Chagas' disease in humans) infection. This
increased resistance is not only reflected by decreased parasitemias and
increased longevity but also by enhanced parasite-specific and nonspecific
immune responsiveness in infected mice. The antibody response to
heterologous antigen has been demonstrated to be greatly enhanced in
infected mice held at elevated temperature. However, the parasite-specific
antibody response was reported to be lower in infected mice maintained at
36°C than at room temperature (RT) during early stage of infection,
although it could be elevated to higher levels through a boosting injection of
parasites. It also has been demonstrated that T. cruzi produces abundant
heat shock proteins (Hsp), typically Hsp90, Hsp70 and Hsp60, that are
highly immunogenic. It was of interest, therefore, to determine whether
different parasite antigens are produced by T. cruzi at

different

temperatures, and if so, whether these antigens would be recognized by
antisera from mice held at either RT or 36°C. Trypomastigotes of T. cruzi
were metabolically labeled with 35S-methionine/cysteine at 36, 39 and 42°C.
Immunoprecipitation analysis was used to detect parasite antigens
recognized by these antisera collected at various times post-infection. The
results of this study indicated that 1) an elevated environmental
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temperature of 36°C provides a significant resistance to T. cruzi infection in
infected mice. This temperature-related resistance to T. cruzi infection is
effective during the first few days of hyperthermia; 2) the Hsp70 and Hsp90
heat inducible parasite proteins are highly immunogenic, recognized by
antibodies very early in infection continuing with increasing intensity
throughout infection; 3) the antibody response may play an important role
in temperature-related resistance to T. cruzi infection very early in
infection by targeting parasite Hsps whose increased production is induced
at elevated temperature.
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INTRODUCTION
Trypanosoma

cruzi infection and Chagas' disease

Trypanosoma

cruzi, a protozoan parasite, is the causative agent of

American Trypanosomiasis or Chagas' disease which is believed to infect
approximately 24 million people in Latin America (Wendel & Gonzaga,
1993). The disease is transmitted by the Reduviid bug which defecates
during a blood meal, releasing metacyclic trypomastigotes into the
vertebrate host blood stream through the bite wound or across mucous
membranes. Metacyclic trypomastigotes invade cells of a variety of tissues
and develop into intracellular amastigotes. Amastigotes undergo several
rounds of division before transforming into trypomastigotes which are then
released into the blood stream as blood form trypomastigotes (BFTs) where
they may invade host cells again or may be ingested by Reduviid bugs
(Rondinelli, 1994; Olson et al., 1994).
During the acute phase of Chagas' disease, fever, headache and
prostration may develop within 1-3 weeks after infection. Enlargement of
the liver and spleen as well as myocardial damage may follow. Cardiac,
esophageal and intestinal lesions may be involved during the chronic
phase, which are considered to be the result of autoimmune aggression
(Mazier & Mattei, 1991). At present, there is still no effective treatment
available for this disease.
In experimental

Chagas' disease, susceptible mouse

strains

maintained at room temperature (RT) often die during the acute stage of
infection with very high parasitemia levels (Kolodny, 1940; FrancaRodriguez & Mackinnon, 1962; Trejos et al., 1965; Amrein, 1967; Marinkelle
& Rodriguez, 1968; Otieno, 1972,1973; Marinkelle & Guhl, 1978; Anderson &
Kuhn, 1989; Dimock et al., 1991,1992; Guo, 1994; Ming, 1994). In particular,
C3H mice infected intraperitoneally with 10 3 BFTs of a Brazil strain of T.
cruzi and maintained at RT died between days 30 and 38 of infection with a
peak of mean parasitemia of 1.4 X 107 BFT/ml blood (Anderson & Kuhn,
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1989).
Host immunity during T. cruzi infection
The immune response of mice infected with T. cruzi has been
extensively studied, and it appears that essentially all effector mechanisms
of the immune system participate to some degree in the resistance to this
parasite (Kierszenbaum & Pienkowki, 1979; Hontebeyri-Joskowicz, 1991;
ref. to Anderson & Kuhn, 1989). Although these various effector
mechanisms are induced to respond to T. cruzi, a significant nonspecific
suppression of both humoral and cell-mediated immune responses also
develops in infected mice (Cunningham & Kuhn, 1980; Gonzalves da Costa,
et al., 1984; Plata et al., 1987). An 89% suppression of antibody production to
heterologous antigen, sheep red blood cell (SKBC), was observed on day 35
in T. cruzi-infected mice (Anderson and Kuhn, 1989).
Suppression

of parasite-specific

responses

also

has

been

demonstrated and is thought to reduce the resistance of an infected host to
T. cruzi (Tarleton and Kuhn, 1985; Anderson & Kuhn, 1989; Coffman &
Mosmann, 1991). Tarleton and Kuhn (1985) used T. cruzi -conjugated to the
hapten trinitrophenol (TNP; the conjugated preparation is designated TNPTC) in the Mishell-Dutton culture system to measure the direct plaqueforming cell (DPFC) response of both noninfected and T. cruzi-infected mice
to TNP-TC, in order to show the activity of carrier-specific T-helper cells to
T. cruzi. The response of spleen cells from infected mice to TNP-TC was
found to be up to approximately 7-fold lower than that of normal spleen
cells (Tarleton & Kuhn, 1985). These results suggest that parasite-specific
suppression of T-helper-cell activity could occur during infection. This
hypothesis was further supported by the addition of exogenous interleukin-2
(IL-2), or the replacement of resident macrophages with normal
macrophages in in vitro assays which increased the responsiveness of
spleen cells to TNP-TC, suggesting suboptimal activity of anti-71. cruzi Thelper cells in infected mice (Tarleton & Kuhn, 1985).
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In vivo

depletion experiments utilizing monoclonal antibodies

specific for T cell surface markers have indicated that both CD4+ and CD8+
T cells may play a role in determining resistance in the acute phase of
infection by controlling parasitemia and antibody production (Minoprio et
al., 1989). In the acute phase, adoptive transfer of T. cruzi specific T-cell
clones has provided protection against acute phase infection (Cunningham
& Kuhn, 1980; Hontebeyrie-Joskowicz, 1991; Tarleton, 1990). Furthermore,
passive transfer of protective hyperimmune sera to T. cruzi-infected

mice

held at RT protected these mice from further infection (Guhl et al, 1979).
The therapeutic effects of elevated temperature on hosts during T. cruziinfection
The value of fever as a clinical sign has been widely reported since
ancient time and often regarded as favorable to the patient's survival.
Artificial fever was used to combat intractable chronic infections in the
1920s. It has been known for some time that changes in environmental
temperature can influence the resistance of an infected host to a variety of
infectious

organisms.

In particular,

several

investigators

have

demonstrated an increased resistance to T. crazi-infection when infected
mice are maintained at an elevated environmental temperature of 35 to
37°C (Kolodny, 1940; Franca-Rodriguez & Mackinnon, 1962; Trejos et al.,
1965; Amrein, 1967; Marinkelle & Rodriguez, 1968; Otieno, 1972, 1973;
Marinkelle & Guhl, 1978; Anderson & Kuhn, 1989; Dimock, et al., 1991,
1992; Guo, 1994; Ming, 1994). Anderson and Kuhn (1989) reported that all
infected mice survived throughout the course of experiments while
maintained at 36°C and had very low parasitemia levels below 7.1 X 10 5
BFT/ml compared to 1.4 X 10? BFT/ml in RT maintained mice which died by
day 38 of infection. Repeated experiments showed that greater than 85% of
infected mice held at 36°C survived well past day 100 of infection with very
low numbers of parasites in the peripheral blood (Dimock et al., 1991).
The beneficial effects of hyperthermia have also been described
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previously in the treatment of humans with acute Chagas' disease. The
patients experienced a rapid improvement in condition after intravenous
administration of a pyrogenic vaccine, and treated patients were found to be
negative for circulating parasites as early as 4 days after initiation of
treatment (Acuna et al., 1963). It was also shown that during summer
months higher agglutinin titres were observed in cattle, but during winter
months the levels were minimal (ref. to Otieno, 1973).
Trejos and co-workers (1965) showed that when mice with increasing
parasitemia at a temperature of 18°C were transferred to an environment of
37°C, the number of BFTs continued to increase for 4 days and then dropped
to levels lower than those shown by mice that were continuously
maintained at 37°C. On the other hand, when inoculated mice that had
been kept at 37°C for 13 days (when parasitemia levels began to be seen)
were transferred to 26°C for 2 days and then to 18°C for the remainder of the
experiment, the parasitemia levels rapidly increased.
In a similar study, mice infected with T. evansi and maintained at
35°C failed to develop infection. When these mice were then transferred to
an environment of 23-27°C, no trypanosomes were observed for 10 days.
When these mice were challenged with trypanosomes again, three out of
the six infected mice developed infections and died; one mouse developed
infection but had a low grade infection which was cleared from circulation
27 days later; two mice failed to develop infection. In contrast, mice infected
with the same inoculum and maintained at RT became parasitemic within
two days and died by day 8 of infection (Otieno, 1972). Similarly,
trypanosomes rapidly disappeared from the circulation when mice
showing patent infection at 23-27°C were transferred to a 36°C
environment. Twenty days later the mice were removed from the warm
environment back to RT. Infection relapsed in one of the six mice which
died with heavy parasitemia. Two mice showed the reappearance of
trypanosomes, but the resulting infection was mild and eventually was
cleared from the circulation. Half of the mice failed to develop infection,
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indicating that they had developed protective immunity (Otieno, 1972). The
disappearance of parasitic infection from mice exposed to the elevated
environmental temperature and the reappearance of infection when mice
were returned to RT raises the question of what mechanisms are involved
in this adaptation to changes in environmental temperature.
Temperature-induced changes in pathogenicity of parasites
It is possible that elevated environmental temperature has a variety
of effects not only on the host but also on the parasite. At least one study
suggested that direct effects of temperature on the parasite were probably
responsible for the decreased parasitemia levels observed in T. cruziinfected mice maintained at 37°C (ref. Dimock et al., 1991). However, mice
in such studies do not experience body temperatures which are likely to be
lethal to the parasites (Anderson and Kuhn, 1989). Possible effects of
increased temperature on parasites may include morphological changes or
change in the production of heat-inducible parasite proteins. It was
reported that the trypomastigote stage of T. brucei in infected mice held at
36°C appeared to be less pathogenic than in the control animals kept at RT
(Otieno, 1973). Monomorphic trypomastigote stages of T. brucei became
pleomorphic when infections were controlled by high ambient temperature.
However, when the animals were immunosuppressed the aberrant forms
were not removed from the circulation and so a large number of bizarre
forms were observed, which was believed to be the cause of reduction in
virulence (Otieno, 1973). In contrast, a different result was obtained from
experiments with Leishmania braziliensis. Promastigotes exposed to a heat
shock showed increased infectivity and pathogenicity (Smejkal et al., 1988).
Whether the virulence of parasites can be changed by elevated temperature
and whether such changes play a significant role in temperature-related
resistance to infection are questions that need to be answered.
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Temperature induced enhancement of host immunity during T. cruzi
infection
Irradiation and immunosuppressive treatment of mice prior to
inoculation have been shown to abrogate the beneficial effects of elevated
environmental temperature during T. cruzi -infection (Dimock et al., 1991)
and T. fcrucei-infection (Otieno, 1973), indicating that the positive effects of
maintenance at 36°C on the course of infection are due to

the actual

enhancement of immune responsiveness of the host. When maintained at
36°C, cyclophosphamide-treated infected (C/I) mice reached peak mean
parasitemia levels that were 8.6-fold higher than that in noncyclophosphamide treated infected (NC/I) mice maintained at the same
temperature. All of the C/I mice died by day 31 of infection, as compared to
the NC/I mice that survived well past day 100 of infection with very low
parasitemias (Dimock et al., 1991). These observations indicate that
enhanced host immunity may play a significant role in temperaturerelated resistance to T. crazi-infection.
The significantly enhanced parasite-specific and nonspecific cellmediated immune responsiveness in infected hosts held at an elevated
environmental temperature may be due to increased helper and effector
functions of CD4+ T cells (Jampel, et al., 1983; Tarleton and Kuhn, 1985;
Anderson and Kuhn, 1989; Gern et al., 1991; Hontebeyrie-Joskowicz, 1991;
Guo, 1994), cytotoxic activity of CD8+ T cells (Tarleton, 1990; Ming, 1994),
killing activity of natural killer cells (Lederman et al., 1987), or the
regulatory function of a variety of cytokines such as IL-2 (Tarleton and
Kuhn, 1985; Choromanski and Kuhn, 1985; Gern et al., 1991).
Jampel et al (1983) reported that increased incubation temperature
enhances the nonspecific immune response of murine spleen cells when
challenged with SRBC in vitro. T. cruzi-infected

mice maintained at 36°C

had a much stronger (7 to 8-fold) DPFC response to TNP-TC than that of RT
maintained mice, indicating that maintenance of mice at an elevated
environmental temperature may abrogate parasite-specific suppression of
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T-helper-cell activity (Anderson and Kuhn, 1989). Recently, Guo (1994)
reported that CD4+ T cells are required for the protective effect of elevated
temperature in T. cruzi-infected

mice. The CD4 non-depleted mice

maintained at 36°C showed 100% survival through day 50 of infection.
However, the CD4 depleted mice maintained at 36°C showed 100% mortality
by day 46 of infection (Guo, 1994). In a similar study, Ming (1994) also
demonstrated a role for CD8+ T cells in this phenomenon.
Properties of temperature-related humoral immune responses during T.
cruzi infection
A possible role played by the antibody response in temperaturerelated resistance to T. cruzi -infection was first proposed in a report by
Marinkelle and Rodriguez (1968). Further experimental support was
provided in reports by Marinkelle and Guhl (1978) and Guhl et al (1979) who
demonstrated that the protection observed in T. cruzi-infected mice held at
36°C could be conferred on infected mice held at RT by passive transfer of
hyperimmune sera. Anti-chagasic antibody titres examined by an indirect
immunofluore scent test were always two to four fold lower in donor mice
than in recipient mice (Marinkelle & Guhl, 1978).
Several investigators have demonstrated that the antibody response to
heterologous antigens is greatly enhanced at elevated temperatures (Smith
et al., 1978; Saririan & Nickerson, 1982; Jampel, et al., 1983). In T. cruziinfected mice, anti-SRBC DPFC responses in mice held at 36°C were 11-fold
greater than those of infected mice maintained at RT on day 35 of infection
(Anderson & Kuhn, 1989). However, during the early stages of infection the
production of anti-T. cruzi antibodies in protected mice held at 36°C was
found to be both quantitatively lower and qualitatively different than that of
infected mice held at RT (Dimock et al., 1991; 1992). On the other hand,
levels of parasite-specific antibodies in infected mice held at 36°C could be
elevated to levels which surpassed those of infected mice held at RT in both
reactivity and diversity following the injection of mice with culture forms of

8
T. cruzi, suggesting that antibody was capable of being produced at higher
levels in infected mice held at 36°C and that the low levels of parasitespecific antibodies observed in mice may be due to lowered antigen exposure
as a result of lower parasitemia levels (Dimock et al., 1991).
Dimock et al (1992) examined the production of anti-T.

cruzi

antibodies throughout the course of infection and found that although levels
of anti-T. cruzi antibodies were initially lower (before day 35 of infection) in
infected mice maintained at 36°C (as measured by both ELISA and
immunoblot analysis), these levels progressively increased during the
course of infection up to much higher levels on day 91 of infection at which
time parasitemia levels were almost completely undetectable.
The variability of narasite protein synthesis with changes in the
environmental temperature
It is well documented that both prokaryotic and eukaryotic cells
respond to stresses, such as elevated temperature, by producing a set of
proteins known as heat shock or heat stress proteins (Hsp) (Newport et al.,
1988; Young et al., 1988; Young, 1990; Kaufmann, 1990; Engman et al.,
1990; Olson et al., 1994; Rondinelli, 1994). Parasite Hsps can be divided into
five main groups or families—Hsp90, Hsp70, Hsp60, small Hsp and
ubiquitin—according to their sequence homology relationships and to the
functions they display within cells (Linquist & Craig, 1988; Shinnick, 1991).
In general, the synthesis of Hsps at elevated temperatures in
eukaryotes is accompanied by an increase in Hsp mRNA transcription and
a higher efficiency of translation of these transcripts (Scott & Pardue, 1981;
Carvalho et al., 1990; Mazier & Mattei, 1991). Particularly in T. cruzi,
Carvalho et al (1987) showed that there was an increased labelling of three
proteins (92, 75 and 61 kD) produced by trypanosomes at 37°C and a further
increase at 40°C. The 92 and 75 kD proteins were expressed without
concomitant increased transcription (Carvalho et al.,

1987). It was

suggested that the Hsps in T. cruzi are normally present throughout the
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life cycle of this organism; however, high temperature seems to induce the
translation of preformed mRNA (Carvalho et al., 1987). A constitutive level
of Hsp70 mRNA was found at 29°C, but there was a two-fold increase when
the temperature was raised to 37°C. However, the synthesis of Hsp70 is
increased over 4-fold (De Carvalho etal., 1990; Requena et al., 1992). When
RNA synthesis is reduced by actinomycin D, the induction of Hsp70 is
maintained, indicating the presence of a stock of Hsp mRNA. Thus, T.
cruzi Hsp70 gene expression is controlled at both transcriptional and posttranscriptional levels.
Hsps, especially Hsp70, are highly conserved from E. coli to humans.
The amino acid sequence of the human Hsp70 has 50% identity with that of
the E. coli Hsp70 and 73% identity with that of the Drosophila Hsp70. Hsp70s
of T. brucei and L. major are 91% and 86.5% identical, respectively, to the T.
cruzi Hsp70. The comparison of the amino acid sequence of Hsp70 from
different species reveals that the highest degree of homology is found at the
N terminus and decreases towards the C terminus of the proteins (Mazier
& Mattei, 1991).
The remarkable conservation in the sequence of Hsp across species
and in evolution supports the concept that Hsps may have functions
essential for cell survival. Members of Hsps that are constituitively
expressed have been found to play crucial roles in cell physiology including
solubilization of denatured proteins, help in refolding unfolded proteins,
facilitation of protein translocation, assembly and disassembly (Lindquist &
Craig, 1988). For this reason, some Hsps (hsp90, hsp70 and hsp60) are
called molecular chaperons (Rondinelli, 1994).
T. cruzi

epimastigotes respond to heat shock (25 to 37°C) by

synthesizing a set of Hsps with molecular masses of 103, 92, 75, and 61 kDa
(Carvalho et al., 1987). In the course of its biological cycle, T. cruzi
alternates between an insect vector and a mammalian host. Therefore, a
heat shock is naturally encountered, which may play an important role in
the adaptation of host alternations. Indeed, there is evidence that, in
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eukaryotic parasites, the expression of Hsps is an early event in the
program of cell differentiation (Van der Ploeg et al., 1985). The three major
families of Hsps produced by T. cruzi are Hsp90, Hsp70 and Hsp60
(Shinnick, 1991; Dimock, et al., 1992; Requena et al., 1992), and the genes
encoding these proteins show different temperature-sensitivity to heat
shock (Requena et al., 1992).
The immunogenic properties of Hsps in Chagasic hosts
Despite their high phylogenetic conservation, Hsps have been
demonstrated to be among the most immunogenic of parasite antigens,
eliciting responses with a variety of consequences to both host and parasite.
In a variety of parasite species, hsp90, hsp70, and hsp60 have been shown to
be highly immunogenic.
In particular, T. cruzi produces a Hsp70 that elicits humoral
immune responses that are highly specific to the parasite and do not crossreact with human Hsp70 (Engman et al., 1990). Hsp70 has been described
as a major target of human humoral immunity during T. cruzi infection.
These antibodies, found in every chagasic serum tested, are likely elicited
as a result of the abundance of Hsp70 and the antigenicity of its unique
foreign determinants, most of which are repetitive. An 83-kD heat-inducible
protein is also produced abundantly by epimastigotes of T. cruzi that have
been cultured at 40°C (Dragon etal., 1987). This T. cruzi Hsp83 , which is
distinctly host-like in primary sequence, has similarly been cited as a
possible factor in autoimmune manifestations of Chagas' disease (Dragon
et al,

1987). Dimock et al (1992) identified a T. cruzi

antigen of

approximately 61 kD produced by BFT collected from mice held at 36°C.
This 61 kDa protein was strongly recognized by sera from mice held at 36°C
in immunoblot analysis but only faintly recognized by sera from mice held
at RT (Dimock et al., 1992). It was speculated that this protein may be an
entirely different antigen, or perhaps the same antigen produced in greater
quantities in mice held at 36°C. A 19 kDa T. cruzi antigen was also detected
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more intensely by sera from mice held at 36°C than at RT (Dimock et al.,
1992).
Initial analysis of the heat-shock transcripts in T. brucei and L.
major

led to the suggestion that heat-shock gene expression was

responsible for the adaptation of these parasites to the mammalian host
upon infection (Van der Ploeg et al., 1985). A role for Hsps in differentiation
was also suggested by the finding that Naegleria gruberi cells increase the
number of flagella when they are exposed to temperatures of 37-39°C.
Conversely, some investigators have speculated that the host antibody
response may be targeted towards Hsps at elevated temperature which
may, in part, be responsible for the temperature-related resistance to T.
cruzi infection (Carvalho 1987; Dimock et al., 1992).
Not only are Hsps very immunogenic but it appears that, despite
strikingly limited diversity in structure, specific and discriminatory
antibody responses are generated. Schistosoma japonicum

and S. mansoni

antigens stimulated immunologically distinct and non-cross-reactive
responses in humans, despite the fact that the immunodominant regions
from their Hsp70 antigens differ in only 36 positions, 11 being conservative
substitutions (Hedstrom et al., 1988). Engman et al (1990) showed that
human antibodies to T. cruzi Hsp70 do not react with human Hsp70, even
though the human and T. cruzi Hsp 70s display 73% amino acid identity.
Different results were obtained by investigators, who demonstrated that
Leishmania sp. and T. cruzi Hsps possess cross-reactive epitopes (Nafziger
et al., 1991; Yeyati et al., 1991).
The role of the antibody response in the temperature-related
resistance to T. cruzi infection has not been clearly elucidated. In at least
one study using a parasite-specific ELISA and immunoblot analysis to
measure the activity of antisera towards T. cruzi antigens, it was concluded
that T. cruzi-specific antibodies do not play a significant role in the observed
protective immunity during the early stage of infection (Dimock et al., 1991).
On the other hand, it was shown recently in this lab that there is a direct
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relationship between parasitemia levels and parasite-specific antibody
titres, indicating that the low levels of parasite-specific antibodies in
infected mice maintained at 36°C were due to lowered antigen exposure as
a result of lower parasitemia levels. In the present study, the differences in
the synthesis of proteins were examined in parasites incubated at three
different temperatures: 36, 39, and 42°C. An immunoprecipitation analysis
was then used to detect parasite-specific antigens recognized by sera from
mice held at either RT or 36°C. It was found that T. cruzi synthesized a
variety of proteins at both 36 and 39°C incubation. Heat inducible parasite
proteins that were predominantly synthesized by the parasites incubated at
39°C fall within the typical parasite Hsp90, Hsp70, and Hsp60 families,
respectively. These Hsps were highly immunogenic, as indicated by very
strong reactivity with mouse antisera. Although very early in infection on
day 15 the antibody reactivity towards these Hsps was fairly strong in mice
held 36°C, on day 25 and 35 of infection no higher reactivity was observed in
these 36°C maintained mice than that in mice held at RT. On day 45 and
after, 36°C maintained mice did develop much higher antibody responses
towards these Hsps. There was, however, a preferential recognition of
antibodies specific for the 75 and the 59 kDa parasite proteins in mice held
at 36°C.

MATERIALS AND METHODS
Mice
Female C3HeB/FeJ mice (Jackson Laboratory, Bar Harbor, Maine), 810 weeks old at the time of infection, were used in this study. All mice were
kept at RT (26±2°C) for 3 weeks prior to use. After infection, mice were
either maintained at RT or placed in an environmental chamber and held
at 36±0.2°C. In temperature-shift experiments, T. cruzi-infected mice were
first maintained at RT and then were transferred to 36°C on day 15, 25, or 35
of infection. Age-matched groups of non-infected mice were also held at
either RT or 36°C for the course of experiments. Food and water were
provided ad libitum. All mice were maintained and used in accordance
with local LACUC guidelines.
Parasites
The parasites used in this study were of a Brazil strain of T. cruzi
that was maintained in this laboratory as stock infections in C3HeB/FeJ
mice as BFTs. Mice were infected intraperitoneally with 10 3 BFTs in 0.2 ml
of Dulbecco's phosphate-buffer saline (DPBS; GIBCO Laboratories, Grand
Island, New York).
Cell Culture
Trypomastigotes used for protein labeling were obtained from
culturing PSC3H mouse fibroblasts (Davis, 1990) infected with BFTs. The
cells were cultured at 36°C in RPMI 1640 (Sigma Chemical Co., St. Louis,
MO) adjusted to pH 7.2 and supplemented with penicillin G (100 units/ml),
streptomycin (lOOmg/ml) and 10% fetal bovine serum (FBS) in a 5% CO2
atmosphere.
Protein labeling
Trypomastigotes were collected by passing culture supernatants
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through a Whitman #4 filter and centrifuging for 20 minutes at 1800 rpm.
Parasite pellets were resuspended in 1 ml methionine/cysteine free RPMI
1640 medium (ICN Biomedicals, Irvine, CA) at a concentration of 1 X 10 7
cells/ml. After 30 min of incubation at room temperature the parasites were
again washed and resuspended twice as described above. Translabeled
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S-

methionine/cysteine (ICN Biomedicals, Irvine, CA) was added into the
suspension at a concentration of 0.3 mCi/ml followed by a 3 hour incubation
at respective temperatures. The parasites were then washed and
resuspended three times in ice-cold DPBS. After the final wash, the pellet of
parasites was dissolved in 500 |il Triton X-100 lysis buffer with protease
inhibitors (150 mM NaCl, 50 mM Tris.HCl, pH7.6, 0.5% Triton X-100, 1 mM
PMSF in 100% ethanol; Sigma ) for 30 min on ice bath with intermittent and
vigorous vortexing. Finally, the lysis mixture was centrifuged at 5000 rpm
for 5 minutes, and the supernatants containing radiolabeled parasite
proteins were stored at -70°C.
Immunoprecipitation
Sera were obtained from infected mice held at either RT or 36°C on
days 15, 25, 35, 45, 55, 65, 75, and 85 of infection, as well as from noninfected
control mice on day 25. Translabeled T. cruzi proteins were used in
immunoprecipitation analysis of these sera. Each 150 p.1 translabeled
protein sample was combined with 20 |xl of appropriate serum and 150 }jl of
NETT buffer [150 mM NaCl, 5 mM EDTA, 50 mM Tris.HCl, 0.5% Triton X100, 0.2% sodium azide ( NaN3 ), and 1% BSA] and was placed at room
temperature for 2 hours with frequent agitation, then at 4°C overnight. One
hundred |il of washed protein A-agarose (diluted 1:1 with NETT buffer)
(Bio-Rad, Hercules, CA) was added to each of the samples with frequent
agitation for 2 hours at 4°C. The beads were then washed five times [twice
with NETT buffer; twice with TSA buffer (0.01 M Tris.HCl, pH8.0, 0.14 M
NaCl, and 0.025% sodium azide); and once in 0.05 M Tris.HCl, pH 6.8]. The
protein A-agarose

beads

containing

translabeled

proteins

were
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resuspended in 10 jil of 0.05 M Tris.HCl buffer, pH 6.8 and were solubilized
by boiling in 10

2X SDS/sample buffer (0.08 M Tris.HCl, pH6.8, 0.1 M

dithiothreitol, 2.0% SDS, 10% glycerol, and 0.2% bromophenol blue) for 5
min with intermittent vortexing.
SDS-PAGE and autoradiography
Polyacrylamide gels containing 0.1% sodium dodecyl sulfate (SDS)
with a 5% stacking gel and a 12.5% resolving gel were used to resolve
translabeled parasite antigen mixtures. The following molecular weight
markers were included in each gel: phosphorylase B, bovine serum
albumin, ovalbumin, bovine carbonic anhydrase, soybean trypsin inhibitor,
and hen egg white lysozyme (Bio-Rad Laboratories, Richmond, CA). An
equal amount (15 (il) of solubilized parasite antigen mixture was placed into
each of the sample wells, and the gel was run in IX SDS/electrophoresis
buffer at 25 mA for the stacking gel and 35 mA throughout the resolving
gel. The gels were then dried and exposed to Kodak diagnostic film (Kodak
X-OMAT RP, XRP-5) for 2 weeks at -20°C, developed in GBX developer
(Sigma) for 1 minute and fixed in GBX fixer (Sigma) for 5 minutes.
Parasitemias and longevity
Parasitemia levels were monitored in all infected mice beginning at
day 15 and continuing every 3-4 days throughout the course of infection. A 4
(il sample of blood was taken from the tail, and a dilution of the sample in
PBS was counted using a hemocytometer. Mice were monitored daily to
determine levels of mortality and morbidity.
Experimental design
The first set of experiments was designed to determine the antibody
response to T. cruzi antigens in infected mice held at either RT or 36°C.
Group 1 had 3 mice that were RT maintained/noninfected (RT/NI); Group 2
had 3 mice that were 36°C maintained/noninfected (36°C/NI); Group 3 had
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9 mice that were RT maintained/infected (RT/I); Group 4 had 20 mice that
were 36°C maintained/infected (36°C/I).
The second set of experiments was designed to examine the effect of
temperature shifts between RT and 36°C on the parasitemia level and
longevity of infected mice. Each group had 3 mice that were infected with
parasites and were initially kept at RT. Mice in Groups A, B, and C were
transferred to 36°C on day 15, 25, and 35, respectively, of infection. Mice in
Group D were maintained at RT throughout the course of infection.

RESULTS
The effects of elevated environmental temperature on parasitemia and
longevity in T. crazE-infected mice
The mean parasitemia for each group was calculated throughout the
course of infection in all infected mice held at either RT or 36°C (Figure 1).
As compared to infected mice held at RT, infected mice maintained at 36°C
showed significantly reduced levels of parasitemia and remarkably delayed
appearance of both the detectable parasitemia and the peak parasitemia.
BFTs began to appear in the peripheral blood on day 19 of infection in mice
maintained at RT but were not seen in the blood of mice maintained at 36°C
before day 31 of infection (a delay of approximately 12 days). The mean
parasitemia of mice maintained at RT reached as high as 7.4 X 10 6
BFTs/ml blood on day 38, whereas that of the mice held at 36°C was only 9.3
X 105 BFTs/ml blood on day 49, which was 8-fold lower with a delayed
appearance of 11 days.
As shown in Figure 2, infected mice maintained at RT died between
days 39 and 51 of infection. However, all of the 36°C maintained infected
mice survived the entire course of the study (over 100 days post-infection).
The effects of temperature shifts on parasitemia and longevity in T. cruziinfertftd mine
Figure 3 shows the parasitemia levels in infected mice that were
transferred to a 36°C chamber from RT on different days following
infection. Temperature shifts significantly reduced parasitemia levels in
infected mice that originally had very high levels in RT (Groups A, B, and
C). This effect was greater when mice had already achieved higher
parasitemia levels in RT, as indicated by Group 3 infected mice. Infected
mice in Group C that were maintained at RT developed very high
parasitemia levels by day 35 of infection (4.7 X 10 6 BFTs/ml blood). However,
when these mice were transferred to 36°C, parasitemias dropped very
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Figure 1. The mean parasitemia in T. cruzi -infected mice maintained at
either room temperature (RT/I) or 36°C (36C/I). Each point indicates the
mean parasitemia of survived mice beginning with 9 in RT maintained
mice and 20 in 36°C maintained mice. RT maintained mice all died by day
49 of infection. All of the 36°C maintained mice survived infection by day 103
of infection when they were transferred to RT.
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Figure 2. Effect of environmental temperatures on mortality of T, cruziinfected mice. Each point indicates the percentage of mice survived
beginning with 9 in RT maintained mice, 20 in 36C maintained mice, and 3
in non-infected mice. All non-infected mice maintained at either RT
(RT/NI) or 36°C (36C/NI) survived the entire course of infection. Infected
mice maintained at RT (RT/I) all died by day 49 of infection. All infected
mice maintained at 36°C (36C/I) survived throughout the course of infection
until day 103 when the mice were transferred to RT.
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Figure 3. The parasitemia in T. cruzi-infected mice that were transferred
from RT to 36°C on day 15 (Group A, day 15/T), day 25 (Group B, day 25/T),
and day 35 (Group C, day 35/T) of infection. Mice in group D remained at RT
throughout the infection (Group D, RT/NT). Each point indicates the mean
parasitemia of survived mice beginning with 3 in each of the four groups.
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sharply to almost undetectable levels within approximately five days.
Similar results were also seen in mice transferred on day 25. Two out of
three mice that were transferred on day 15 survived to the end of the study.
All three mice that were transferred on day 25 survived. Two out of three
mice transferred on day 35 also survived infection. When mice that were
infected and maintained at 36°C for 103 days were transferred to RT, no
relapse of parasitemia was observed.
T. cruzi protein synthesis at different temperatures
35

S-translabeled

T. cruzi

protein

extracts

prepared

from

trypomastigotes incubated at 36, 39 or 42°C for 3 hours were separated by
SDS-PAGE and analyzed by autoradiography. As shown in Figure 4, there
is a similar repertoire of proteins produced by parasites at either 36 or 39°C,
with molecular masses ranging from 20 to 156 kDa. However, most proteins
were produced at much decreased levels at 39°C than at 36°C, especially
three proteins of approximately 40, 56, and 96 kDa. However, proteins with
molecular masses ranging from 65 to 90 kDa were synthesized by the
parasites in increased amounts, especially four proteins of approximately
59,

65, 75, and 89 kDa. Most proteins were undetectable at 42°C, a

temperature which is lethal to the parasites. Only two proteins of 75 and 89
kDa were observed in much reduced amount.
T. cruzi antigens immunoprecipitated by antisera
To determine if elevated environmental temperature affects the
reactivity of antisera with T. cruzi

antigens, trypomastigotes were

metabolically translabeled with 35S-methionine/cysteine at either 36, 39, or
42°C and were used as a source of antigens for immunoprecipitation
analysis. These temperatures were chosen because mice maintained at RT
have an internal body temperature of 36°C, while mice maintained at 36°C
typically have an average daily temperature of approximately 39°C
(Anderson & Kuhm, 1989). The temperature of 42°C is lethal to parasites.
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Figure 4. Protein profiles of Trypanosoma

cruzi that were metabolically

radiolabeled with 35S-methionine/cysteine for 3 hours at 36°C, 39°C, or 42°C.
Radiolabeled parasite proteins were separated by SDS-PAGE and analyzed
by autoradiography. The numbers refer to the migration of molecular
weight standards. Lanes 1 and 2 both show the parasite proteins prepared
from 36°C incubation; lanes 3 and 4 show those from 39°C incubation; and
lanes 5 and 6 show those from 42°C incubation.
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Parasite antigens at 36 °C incubation detected by antibodies
Pooled sera from non-infected mice held at RT or 36°C did not
precipitate any parasite antigen (Figure 5, lanes 1 and 2). On day 15, 25, and
35 of infection, reactivity to parasite antigens was stronger in sera from
mice held at RT (lane 1 in Figures 6-8) than that at 36°C (lanes 2 in Figures
6-8). The intensity of reactions was continuously increasing, however, in
sera from infected mice held at 36°C, and by day 45 (Figure 9, lane 2) the
pattern was very similar to that of sera collected on the same day from
infected mice held at RT (Figure 9, lane 1). The most intense reactivity was
seen with sera collected on day 65 (Figure 10, lane 2) from infected mice
held at 36°C that showed very low parasitemia levels.
During the course of infection in mice held at both RT and 36°C, the
diversity of the antibody response decreased while the intensity of the
response increased towards a few antigens. The molecular masses of
parasite antigens recognized ranged from 20 to 156 kDa. Proteins of 20, 40,
56, 59, 65, 75, 89, 96, and 150 kDa (and especially those of 20, 65, 75, 89, and
96 kDa) showed particularly strong reactivity (lanes 1 and 2 in Figures 610).

The 20 kDa parasite antigen was intensely recognized by antibodies
from infected mice maintained at both temperatures very early in infection
continuing to the end of the study. The 96 kDa antigen, which was
synthesized at much reduced levels by parasites incubated at 39°C than at
36°C (Figure 4), was barely recognized by sera from infected mice held at
both temperatures on day 15 of infection (Figure 6, lanes 1 and 2). However,
it was intensely recognized exclusively by sera from mice maintained at RT
on day 25 (Figure 7, lane 1), with significantly increasing reactivity after
day 25 (lane 1 in Figures 8-10). Only a faint band of this 96 kDa antigen was
identified on day 25 by antibodies from 36°C maintained mice (Figure 7,
lane 2), but the intensity of this band increased on day 35 (Figure 8, lane 2)
and reached the same level of reactivity as that observed for RT maintained
mice by day 45 (Figure 9, lane 2). The reactivity was continuously
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Figure 5. Immunoprecipitation analysis of trypomastigote antigens

with

sera from non-infected mice. Antigens (A) were metabolically labeled with
35S-methionine/cysteine at incubation temperatures of either 36°C (36°CA),
39°C (39°CA), or 42°C (42°CA) and were detected using pooled serum
samples collected from noninfected mice (NMS) maintained at either room
temperature (RT) or 36°C (36C). The numbers refer to the migration of
molecular weight standards.
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Figure 6. Immunoprecipitation analysis of trypomastigote antigens
sera

from

Trypanosoma

cruzi-infected

mice.

Antigens

metabolically labeled with 35S-methionine/cysteine

at

with

(A) were
incubation

temperatures of 36 °C (36°CA), 39°C (39°CA), or 42°C (42°CA) and were
detected using pooled antiserum samples collected from infected mice
maintained at either RT (KM) or 36°C (36C/I) on day 15 (D 15) of infection.
The numbers refer to the migration of molecular weight standards.
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Figure 7. Inrmunoprecipitation analysis of trypomastigote antigens

with

sera

were

from Trypanosoma

metabolically

erwzi-infected mice. Antigens

labeled with 35S-methionine/cysteine

at

(A)

incubation

temperatures of 36 °C (36°CA), 39°C (39°CA), or 42°C (42°CA) and were
detected using pooled antiserum samples collected from infected mice
maintained at either RT (RT/I) or 36°C (36C/I) on day 25 (D 25) of infection.
The numbers refer to the migration of molecular weight standards.
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Figure 8. Immunoprecipitation analysis of trypomastigote antigens

with

sera

were

from Trypanosoma

cruzi-infected

mice. Antigens

metabolically labeled with 35S-methionine/cysteine

at

(A)

incubation

temperatures of 36 °C (36°CA), 39°C (39°CA), or 42°C (42°CA) and were
detected using pooled antiserum samples collected from infected mice
maintained at either RT (RT/I) or 36°C (36C/I) on day 35 (D 35) of infection.
The numbers refer to the migration of molecular weight standards.
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Figure 9. Immunoprecipitation analysis of trypomastigote antigens

with

sera

were

from Trypanosoma

metabolically

labeled

eruzi-infected mice. Antigens
with

(A)

35S-methionine/cysteine at incubation

temperatures of 36 °C (36°CA), 39°C (39°CA), or 42°C (42°CA) and were
detected using pooled antiserum samples collected from infected mice
maintained at either RT (RT/I) or 36°C (36C/I) on day 45 (D 45) of infection.
The numbers refer to the migration of molecular weight standards.
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Figure 10. Immunoprecipitation analysis of trypomastigote antigens with
sera

from Trypanosoma

cruzi-infected

mice.

Antigens

metabolically labeled with 35S-methionine/cysteine

at

(A)

were

incubation

temperatures of 36 °C (36°CA), 39°C (39°CA), or 42°C (42°CA) and were
detected using pooled antiserum samples collected from infected mice
maintained at 36°C (36C/I) on day 55 (D 55) and day 65 (D 65) of infection.
The numbers refer to the migration of molecular weight standards.
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increasing, reaching the highest level at the end of the study, becoming the
most abundantly recognized parasite antigen (Figure 10, lane 2). A 150 kDa
antigen had a similar trend of recognition reactivity, differing only in that it
was recognized by antibodies from 36°C maintained mice later by day 35
(Figure 8, lanes 1 and 2).
Parasite antigens at 39 °C incubation detected by antibodies
Pooled sera from noninfected mice held at both temperatures failed to
precipitate parasite antigens (Figure 5, lanes 3 and 4). The antigen profile
at 39°C was similar to that obtained from parasites incubated at 36°C.
However, on day 15 of infection, the reactivity of antisera from 36°C
maintained mice with antigens prepared at 39°C incubation was higher
than antisera from RT maintained mice (Figure 6, lanes 4 and 3
respectively). This observed reactivity, however, decreased on day 25 (Figure
7, lane 4) to match the level seen with sera from RT maintained mice on the
same day (Figure 7, lane 3). It was even lower on day 35 (Figure 7, lane 4)
and did not restore until day 45 (Figure 9, lane 4) after which it began to
increase throughout the rest of infection (lane 4 in Figures 9 and 10).
The 75 and 89 kDa parasite antigens were recognized with increasing
intensity by sera from both RT and 36°C maintained mice throughout the
course of infection (lanes 3 and 4 in Figures 6-10). A 59 kDa parasite antigen
was also discovered to be preferentially recognized by antibodies in infected
mice maintained at 36°C (lane 4 in Figures 9 and 10).
Parasite antigen profile at 42 X! incubation
Pooled sera from noninfected mice held at both temperatures failed to
identify any parasite antigens (Figure 5, lane 5 and 6). Light bands of
parasite antigens were identified with antisera from both RT and 36°C
maintained mice (lanes 5 and 6 in Figures 6-9).

DISCUSSION
The results of the present study demonstrate that an elevated
environmental temperature of 36°C can significantly delay the appearance
of BFTs of T. cruzi in the peripheral circulation and can greatly decrease
parasite levels and increase longevity in infected mice. It has also been
demonstrated that a much stronger antibody response may develop during
the course of infection in T. cruzi-infected mice maintained at 36°C than at
RT. Some of the predominantly recognized parasite antigens fall within
typical parasite heat shock protein families of Hsp90, Hsp70, and Hsp60.
These results confirm and extend previous reports that some of the heat
inducible parasite proteins are highly immunogenic and that elevated
environmental temperature can increase the immunity of the murine host
infected with T. cruzi (Anderson & Kuhn, 1989; Dimock et al., 1992).
Previous studies have shown that maintenance of T.

cruzi-infected

mice at an elevated environmental temperature of 35 to 37°C not only
increases longevity and decreases parasitemia but also significantly
enhances both parasite-specific and nonspecific immune responses that
were clearly shown to be suppressed in RT maintained infected mice
(Anderson & Kuhn, 1989; Dimock et al., 1992). The enhancement of host
immunity triggered by elevated temperature was further demonstrated by
the use of the immunosuppressive agent, cyclophosphamide, which
abrogated the beneficial effects of hyperthermia on infected mice (Dimock et
al., 1991). The authors proposed that the antibody response may play a
significant role in the temperature-related resistance to experimental
Chagas' disease. Direct support for this hypothesis came from the
observation that the protection obtained in T. cruzi -infected mice held at
36°C could be conferred on infected mice held at RT by passive transfer of
hyperimmune sera (Guhl et al., 1979).
Dimock et al (1992) recently reported that levels of anti-71. cruzi
antibody levels were initially low (on and before day 35 of infection) in mice
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maintained at 36°C, as measured by ELISA and immunoblot analysis,
which confirmed a previous observation reported by Dimock et al in 1991.
However, it was also observed that the antibody levels progressively
increased during the course of infection in mice at 36°C.

By day 40 of

infection the repertoire of antibodies in 36°C maintained mice was the same
as that in mice held at RT (Dimock et al., 1991,1992). In the present study,
similar results were obtained when the reactivity of antisera from mice
held at both temperatures with parasite antigens metabolically labeled at
incubation temperatures of 36°C and 39°C (Figures 6-10) was analyzed.
These results also confirmed the previous observation that a much stronger
antibody response develops later in infection in T. cruzi-infected mice
maintained at 36°C.
However, results of the present study show that, on day 15 of
infection, the reactivity of antisera with antigens prepared at 39°C
incubation is stronger in 36°C maintained mice than in RT maintained
mice (Figure 6). It is possible that during very early stages of infection mice
maintained at 36°C mount a fairly strong antibody response to BFTs of T.
cruzi, which might be contributing to the reduced and delayed appearance
of parasitemia. Other investigators have not analyzed the antibody response
prior to day 25 of infection. In the temperature shift experiments of this
study, all groups of mice cleared their circulating parasites in only 5 days
after they were transferred to 36°C from room temperature (Figure 3),
suggesting a very rapid development of very effective immune responses. In
previous in vitro studies, it was demonstrated that the number of antibodyproducing B cells could be increased 2 to 20-fold by exposure of the spleen
cells to febrile temperatures. Furthermore, optimal effects occurred with
exposure to hyperthermia restricted to the first 24 hours. However, when
the cells were held at 37°C for the first 48 hours and then exposed to
hyperthermia for the subsequent three days, no thermal augmentation was
detected (Duff, 1985). Therefore, it can be speculated that the antibody
response may play an important role in temperature-related resistance to
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T. cruzi as early as the first two weeks of infection.
On the other hand, it seems that the direct neutralizing effect of
antibody alone is not enough to eliminate BFTs in these mice because RT
maintained mice showed similar or even higher reactivities with parasite
antigens by day 45 before dying with very high parasitemia levels (Figure 9).
Therefore, it is quite possible that some other mechanisms of the immune
response may be involved. Antibody-dependent immune responses such as
complement fixation and antibody-dependent cell-mediated cytoxicity
(ADCC) may contribute to the early effects of elevated temperature, which
indicates the involvement of

both enhanced humoral and cellular

immunity (Mazier & Mattei, 1991).
T. cruzi can produce Hsps that serve as targets of the immune
response and that these Hsps may be among the most immunogenic of
parasite antigens recognized by the vertebrate host (Dragon et al., 1987;
Engman et al., 1990; Shinnick, 1991). In the present study, all detectable
parasite proteins synthesized at 39°C and 42°C were identified in the protein
profile of parasites incubated at 36°C, indicating that these proteins were
synthesized constitutively by the parasites. However, with an increase in
incubation temperature, the quantity of most of the proteins synthesized
(and especially those of 40, 56, and 96 kDa) was shown to decrease. On the
other hand, a few parasite proteins were synthesized much more
abundantly at higher temperature, especially proteins with molecular
masses of 59, 65, 75, and 89 kDa that fall within the typical parasite Hsp
families of Hsp90, Hsp70 and Hsp60 (Figure 4). These observations
correspond well with the results reported by several investigators (Carvalho
et al., 1987; Dragon et al, 1987; Engman et al., 1990).
A T. cruzi 70 kDa Hsp elicits an antibody response that is highly
specific to the parasite and does not cross-react with human Hsp70
(Engman et al., 1990). An 83 kDa Hsp that is highly immunogenic is also
produced abundantly by epimastigotes of T. cruzi cultured at 40°C (Dragon
et al., 1987). In the present study, immunoprecipitation analysis identified
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several parasite proteins that were highly immunoreactive, with molecular
masses of 20, 40, 56, 59, 65, 75, 89, 96, and 150 kDa. As shown in Figures 610, antibody reactivity with the 75 and 89 kDa parasite proteins was very
strong in both RT and 36°C maintained mice throughout the course of
infection. Another parasite antigen of approximately 59 kDa, which is very
close in molecular mass to the 61 kDa parasite antigen identified by Dimock
et al (1992), was preferentially recognized by antisera from mice
maintained at 36°C. Therefore, it is possible that the antibody response
towards these dominantly synthesized Hsps may confer the temperaturerelated resistance to T. cruzi infection.
After day 60 of infection, approximately 90% of the 36°C maintained
infected mice developed severe ulcerations on their tails. In some of these
mice, the ulcerations were so severe that the vertebrae could be seen.
Further investigations are needed to determine the significance of this
observation.
In this study, the parasites were not pre-incubated at their respective
temperatures before adding 35S-methionine/cysteine translabel. This
experimental procedure may be the reason that parasite proteins were
synthesized at 42°C and immunoprecipitated by antisera from infected mice
maintained at both environmental temperatures.
In conclusion 1) elevated environmental temperature significantly
protected mice from the acute phase of infection with T. cruzi; 2) several
heat inducible proteins were found to be highly immunogenic and may
serve as targets of the protective antibody response; 3) although results
indicated a possible role for the antibody response in this temperaturerelated resistance to infection, further experiments will be necessary to
determine if the antibody response is playing a major or accessory role in
this phenomenon.
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